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Introduction
Protein-protein interactions are at the core of any biological system and regulate essential cellular functions; measuring their characteristics, such as stoichiometry, affinity and kinetics, is crucial for understanding their biological roles. There are multiple in vitro methods to characterize protein-protein interactions, most popular of which are surface-based such as enzyme-linked immunosorbent assay (ELISA) and surface plasmon resonance (SPR). These surface-based methods have been applied to a wide range of protein-protein interactions: from welldefined antigen-antibody interactions to those involving intrinsically disordered proteins (IDPs), a major class of proteins involved in various functions, many of whose detailed behaviors are still being characterized [1, 2] . Here, we examined in detail the applicability of select surface-based techniques to a complex system involving IDPs, specifically the one involved in the nucleocytoplasmic transport mediated by nuclear pore complexes (NPCs) [3] [4] [5] [6] .
NPCs are the sole conduits across the nuclear envelope; macromolecular exchange between the nucleoplasm and the cytoplasm occurs in their central tube, which is lined with extensive regions of intrinsically disordered FG nucleoporins (FG Nups), so-called because of the presence of multiple phenylalanine-glycine (FG) repeat motifs.
It is generally agreed that protein-protein interactions between the FG repeat motifs in FG Nups and transport factors (TFs) are central to selective and rapid nuclear transport across the NPC [4, 7] ; however, the exact physical mechanism of nuclear transport remains poorly characterized. There have been many reports on measurements of the strengths and modes of interactions between FG Nups and TFs [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] . The methods employed to study the FG-TF interaction vary, although most of them utilize surface-based systems, including microtiter plate and beads binding assays [8] [9] [10] [11] [12] 20] , atomic force microscopy (AFM) [21] [22] [23] , bio-layer interferometry [24] , SPR [14] [15] [16] , and quartz crystal microbalance with dissipation (QCM-D) [13, [25] [26] [27] . Many of these methods report low micromolar to nanomolar dissociation constants (KDs) for the binding affinity between FG Nups and TFs [13] [14] [15] [16] 20] . Although FG Nups are grafted onto a tubular surface in the actual NPC, and so such surface grafted systems seem consistent with the situation in vivo, the strong affinities observed in these experiments are at odds with the fast transport rates (~5-20 ms translocation time) seen in vivo [28] [29] [30] [31] [32] [33] [34] .
to have eight FG-interaction sites [45] ). Interactions between Nsp1 and Kap95 have been extensively characterized by various methods, including crystallography and NMR [10, 12, 15-17, 20, 42-44, 46, 47] . In this study, the Nsp1-Kap95 interaction was analyzed by three commonly used surface-based methods: AFM, QCM-D and SPR. AFM has been employed to characterize the nanomechanical properties of proteins, including FG Nups [21] [22] [23] . QCM-D and SPR can monitor binding of analytes to ligands anchored to the surface of their sensors in real time and have been used to study FG Nups [13] [14] [15] [16] [25] [26] [27] . The results obtained in this study qualitatively replicated earlier results using the same methods [13-16, 21-23, 25-27] ; however, our results implicate macroscopic and likely non-biological physical events, notably mass transport limitations, which must therefore be accounted for in any analysis utilizing similar methods. Express™ Plus from Millipore (Billerica, MA). Compressed N2, He and O2 were supplied by Airgas (Albany, NY).
Materials and Methods

Protein purification
The expression and purification of Nsp1FG construct containing C-terminal cysteine residue followed by hexa-histidine tag was conducted as previously described [19, 20] . Cells expressing FG constructs were thawed and resuspended in 30 ml of lysis buffer (20 mM HEPES-KOH pH 7.4, 150 mM NaCl, 1% solution P, 1x PIC) including 8 M urea. Cells were lysed by Microfluidizer® (Microfluidics) and the lysate was clarified by centrifugation for 1 h at 192,838 g in a Type 50.2 Ti rotor (Beckman) at 4°C. The supernatant was filtered through a 0.22 μm or 0.45 µm filter depending on its viscosity and was loaded into a 10 ml TALON Sepharose resin (GE Healthcare) column. The resin was washed with 50 ml of (i) lysis buffer containing 8 M urea, (ii) lysis buffer containing 3 M urea, and with (iii) lysis buffer containing 10 mM imidazole and 3 M urea. The protein was eluted in lysis buffer containing 250 mM imidazole and 3 M urea. Eluted fractions were analyzed by SDS-PAGE.
Fractions containing the protein were pooled and concentrated by centrifugal concentrators with 3 kDa molecular weight cutoff (EMD Millipore). The sample was polished by gel filtration (120 ml Superdex200) in 20 mM HEPES-KOH pH 7.4, 150 mM NaCl, 1 mM EDTA, 50 μM TCEP, 10% glycerol. Fractions containing the protein were pooled, concentrated, and, dialyzed against 20 mM HEPES-KOH pH 7.4, 300 mM NaCl, 1 mM EDTA, 50 μM TCEP, 20% glycerol. The sample was frozen with liquid nitrogen and stored at -80°C.
Cells expressing GST-Kap95 were thawed and resuspended in TBT-D. The cells were lysed, and the lysate was cleared in the same manner as FG constructs above. Cleared lysate was loaded onto a glutathione-sepharose (GE Healthcare) column (GST-column) equilibrated with TBT-D. The resin was washed with 100 ml of (i) TBT-D, (ii) TBT-D containing 500 mM NaCl, and (iii) TBT-D. GST-Kap95 was eluted with 90 ml of 100 mM Tris-HCl pH 8.5, 20 mM glutathione. Eluted fractions were analyzed by SDS-PAGE and fractions containing GST-Kap95 were pooled. The pooled sample was then dialyzed against Buffer A (20 mM HEPES-KOH pH6. 8, 150 mM KCl, 2 mM MgCl2). GST was cleaved off by biotinylated thrombin (EMD Millipore), and enzyme was removed by streptavidin sepharose resin (EMD Millipore) following the manufacturer's instructions. Cleaved GST was removed by the regenerated GST column, and the flow through containing Kap95 was collected. The sample was then concentrated by 30k MWCO Centricon (Millipore) and gel filtered in Buffer A containing 10% glycerol. Fractions containing Kap95 were pooled, concentrated by 50k MWCO Centricon (Millipore) and dialyzed against Buffer A supplemented with 5 mM DTT and 20% glycerol overnight. The sample was frozen with liquid nitrogen and stored at -80°C.
Atomic force microscopy (AFM)
All force measurements were performed using the MFP-3DTM atomic force microscope (Asylum Research, Santa Barbara, CA) and the collected data were analyzed using IGOR Pro 6 (WaveMetrics, Inc., Lake Oswego, OR). Gold-coated surfaces were prepared by coating glass coverslips (0.20 mm, Corning, NY) with 15 nm of titanium (Ti, 99.999% International Advanced Materials, Spring Valley, NY) followed by 50 nm of gold (99.999%, International Advanced Materials) using the electron beam evaporator under a pressure of less than 10-6 Torr. Nsp1FG solutions were first centrifuged for 10 min at 90,000 rpm in a TLA 100 rotor (Beckman) at 4°C, to remove possible precipitates occurred during protein storage. Two different protocols were followed in order to form either a sparse or a dense layer of Nsp1FG on the surface, sNsp1FG or dNsp1FG, respectively. For sparse sNsp1FG samples, gold-coated surfaces were: (i) Passivated with 2 mM hPEG for 5 min at RT; (ii) rinsed with EtOH and dried with N2; and finally (iii) incubated with reduced Nsp1FG solution for 48 h at 4°C. The reduced Nsp1FG solution was prepared by diluting the centrifuged Nsp1 sample to a concentration of 10 μg/ml in PBS and incubated with 1 mM TCEP for 1 h at 4°C. For dNsp1FG samples, we modified a previously published protocol [48] . Gold-coated surfaces were: (i) incubated with reduced Nsp1FG solution for 1 h at 4°C; (ii) soaked For sNsp1FG, single molecule force spectroscopy (SMFS) scans [49] [50] [51] [52] [53] were obtained in the so-called ''Force-Volume (FV) mode'' [54, 55] using biolevers RC-150-VB (Olympus, Center Valley, PA). The cantilevers were calibrated before each experiment, using previously described 3-steps procedure [56] . Spring constants were within 10% error from the ones supplied by the manufacturer. A FV-data set consisted of an array of 1,600 (40 x 40) force measurements, scanning in contact mode at 1 μm/s an area of 5 x 5 μm 2 , with each pixel point spanning an approximate width of 125 nm in both X and Y. The trigger force was set to 500 pN.
For dNsp1FG, SMFS scans were obtained in FV mode using gold coated silicon nitride cantilevers carrying a borosilicate glass sphere, diameter = 10 μm, and a nominal spring constant of 60 pN/nm (Novascan, Ames, IA).
The cantilevers were calibrated before each experiment. A FV-data set consisted of an array of 900 (30 x 30) force measurements, scanning in contact mode at 1 μm/s an area of 5 x 5 μm 2 , with each pixel point spanning an approximate width of 167 nm in both X and Y. The trigger force was set to 1 nN.
Quartz crystal microbalance with dissipation (QCM-D)
Frequency and dissipation measurements were performed using an E4 Auto system and its standard flow module QFM 401 (Biolin Scientific/Q-Sense, Linthicum, MD). All data were analyzed using the Sauerbrey model Binding/unbinding experiments using Kap95, GST or BSA were performed at 50 μl/min by (i) equilibrating the chamber with TBT-DG for 15 min; (ii) flowing the protein solution in TBT-DG for 10 min (binding step); (iii) washing with TBT-DG for 30 min (unbinding step); and finally (iv) washing with HUT for 5 min and TBT-DG for 15 min (regeneration step). A second set of experiments was performed to measure the affinity between Nsp1FG and Kap95. In order to minimize the effects of mass transfer (e.g. dilution effect when introducing the protein solution in the QCM-D chamber equilibrated with buffer), the runs were performed at 300 μl/min. The binding step was 1 min, while the unbinding step was 15 min.
Surface Plasmon Resonance (SPR)
All SPR experiments were conducted on an XPR36 system (BioRad) using GLC sensor chips. The sensor was cleaned with 0.5% SDS, 50 mM NaOH, and 100 mM HCl as instructed by the manufacturer. A GLC sensor was activated to create amine-reactive surface using 50 mM sNHS/EDC (sulfo-N-hydroxysulfosuccinimide/1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride) chemistry at the flow rate of 30 µl/min for 5 min. 5 mM aminopropyl-maleimide in HEPES Main Buffer (20 mM HEPES-KOH, pH 7.4, 150 mM NaCl, 1 mM EDTA) was applied to the surface to expose maleimides on the surface. C-terminally cysteine-tagged FG constructs were first diluted in HEPES Main Buffer with 20% glycerol, and then they were further diluted in Protein Conjugation Buffer (20 mM PIPES, pH 6.8, 150 mM NaCl, 1 mM EDTA, 0.8 M urea) to produce final ligand (FG Nup) solutions whose concentrations ranged between 8.75 ~ 140 µg/ml. This two steps dilution ensured that all the final solutions were at the same pH and contained the same percentages of glycerol. FG constructs were then conjugated to the surface by the reaction between the maleimide and the sulfhydryl group on the cysteine residues at 30 µl/min. The reaction was monitored and was manually terminated once the surface conjugation reached a desired level. In the 'bare surface' condition, protein was omitted, and plain Protein Conjugation Buffer was run over the surface. The surface was then flushed with 100 mM beta-mercaptoethanol in Protein Conjugation Buffer at 30 µl/min for 8 min to quench unreacted maleimides and to passivate the surface. The conjugation step was completed by equilibrating the surface with HEPES Main Buffer at 30 µl/min for 5 min, after which the instrument was switched to the analyte binding mode (i.e. rotation of the flow channel lid). Prior to the analyte binding experiments, the surface was equilibrated with TBT-PVP at 30 µl/min for 3 min, washed with HUT solution at 30 µl/min for 3 min, and re-equilibrated with TBT-PVP at 30 µl/min for 3 min.
Analytes were diluted in two steps as with the case for FG proteins. They were first with TBT supplemented with 20% glycerol, and then with TBT-PVP to designated concentrations. The concentration of analytes used for the binding experiments are noted in the respective figures. Binding experiment was conducted at 100 µl/min. The duration of association phase was varied for different experiments, ranging between 15 and 120 s. Dissociation was monitored for 10 min. The surface was regenerated after each round of a binding experiment with HUT solution at 30 µl/min for 2 min. The surface was then re-equilibrated with TBT-PVP at 30 µl/min for 3 min before the next round of binding experiment. All binding experiments were conducted at 25°C.
The binding curves were analyzed by XPR36 software. The details of the used models were described previously [59] .
Results
Establishing robust surface conjugation
In order to study FG Nup behavior and its interaction with TFs and non-specific proteins, we established a robust protocol to immobilize FG Nups on a surface. QCM-D experiments for FG Nups have been conducted previously, where his-tagged FG Nups were conjugated non-covalently to a supported lipid bilayer (SLB) [13, [25] [26] [27] . Here, we used alternative protocols for direct, covalent attachment of FG Nups to surfaces because: (i) hiscapturing moieties can be mobile when attached to lipids in the SLB, (ii) surface conjugation via his-tag is known to drift (i.e. his-tagged ligands detach and re-attached or drift away due to low affinity non-covalent bonds) [60] , and (iii) it is not clear how indirect attachment of FG molecules via SLB would affect the overall surface behavior. Therefore, in this study, a single cysteine residue was inserted at the C-terminal end of the Nsp1 FG domain construct (Nsp1FG) to allow direct, covalent conjugation via the thiol moiety (-SH) to both gold and to chemically activated silica surfaces, so that only the FG molecules covalently attached to a surface can be examined. Following the convention of the SPR literature, the material conjugated onto the surface is designated "ligand" and the material flowing over the surface "analyte".
The procedure for Nsp1FG conjugation to an amino-activated silica sensor is outlined in Fig 1A and representative QCM-D data is shown in Fig 1B. For gold surfaces, direct conjugation via the C-terminal cysteine was used. Although the analyte binding pattern on gold was similar to that on silica (S1 Fig Polyethylene glycol-thiol (PEG-SH) was applied as a passivator [61] , followed by a beta-mercaptoethanol treatment to deactivate unreacted maleimide moieties and to minimize non-specific binding. To find an appropriate passivator for protein binding experiments, different PEGs (i.e. number of PEG repeats and chemical groups) were tested against various analytes. Based on the results, a minimum of six PEG repeats were needed to produce an inert surface, while the terminal group did not have a visible effect on the inertness (S2 Fig) . Thus, mPEG6-C2-SH was chosen as the passivator for our experiments. In addition, wash steps to remove any noncovalently bound material from the surface were included (S3 Fig) .
To understand the physical properties of a densely packed Nsp1FG layer on a surface, the changes in frequency (∆F) and energy dissipation (∆D) resulting from the Nsp1FG conjugation were subjected to viscoelastic modeling. The Nsp1FG layer was viscoelastic, as indicated by a ∆D/∆F ratio larger than 1•10-8 Hz -1 [62] and by the spreading of the different harmonics (S4 Fig) , consistent with results reported by others [13, [25] [26] [27] . The Voigt-Voinova model [58] was used to evaluate changes in layer thickness, shear modulus, and shear viscosity with time ( Fig 1C) . Varying the layer density estimate from 1,100 to 1,300 kg/m 3 (i.e. the effective density of the protein layer has to lie between 1,000 kg/m 3 , the value for water, and 1,330 kg/m 3 , the value for proteins, considering a partial specific volume of proteins close to 0.75 ml/g [63] [64] [65] ) did not significantly affect the estimated parameters. At low Nsp1FG density, the shear viscosity of the layer was close to that of pure water (~0.001 Pa•s) and increased to 0.00135 ± 0.00003 Pa•s as the Nsp1FG binding progressed when the layer density was set at 1,200 kg/m 3 . The shear modulus equilibrated at 0.012 ± 0.002 MPa and the layer thickness at 12.2 ± 0.5 nm. Although the thickness of the FG layer estimated here was smaller than those previously reported [13, [25] [26] [27] , this could arise from how the FG-surface was set up, particularly the indirect attachment to the surface via a single lipid bilayer and the non-covalent attachment of FG proteins in those studies. Based on the mass conjugated on the surface (~1,500 ng/cm 2 , or 25.6 pmol/cm 2 ), the Nsp1FG layer behaves more like a polymer brush of 30 kDa PEG, which has shear viscosity below 0.0014 Pa•s and shear modulus below 0.1 MPa, than an agarose hydrogel, which has shear viscosity above 0.0028 Pa•s and shear modulus above 0.2 MPa [66] . Therefore, we were able to produce an FG-surface layer via direct, covalent attachment, whose properties are typical of a viscoelastic brush layer.
Probing the FG Nup conjugated surface by AFM
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To further assess the physical properties of Nsp1FG on a surface, AFM was employed in force mode to interrogate both single Nsp1FG chains (sNsp1FG) grafted at low density, as well as dense layers of Nsp1FG (dNsp1FG). Gold surfaces were chosen for the AFM work because (i) QCM-D experiments showed that the analyte binding properties of the gold surface was similar to that of silica (S1 Fig); and (ii) the absence of a linker between the surface and the protein was preferred when stretching single protein molecules.
Substrate passivation, using hPEG6-C11-SH, was necessary (i) to minimize non-specific interaction between (Fig 2B) .
Moreover the Fad did not exceed 0.2 nN, well below the rupture force of a thiol-Au bond of ~1.4 nN [69] , allowing stretching of Nsp1FG molecule without detachment. The persistence length measured here was larger than that measured for the human Nup153 FG region [21, 23] , which probably reflects the sequence variation among different FG Nups. AFM experiments were also performed on a dense brush layer of Nsp1FG, dNsp1FG, to simulate the high density of FG Nups in the NPC [11, [70] [71] [72] . The approach (as opposed to retraction experiment above) curves of the FV mapping scans were used to estimate the thickness of the dNsp1FG layer ( Fig 2D) . When the cantilever tip contacts a stiff surface, a sharp deflection (i.e. ~90° angle) of the approach curve is expected at the zero sampletip distance. Since dNsp1FG formed a soft pliable layer on top of the stiff substrate, the cantilever tip sensed a repulsive force while indenting the dNsp1FG layer. This resulted in a curved deflection profile, before the sharp deflection when contacting the stiff sublayer. The onset of the repulsive force was used to estimate the dNsp1FG thickness of ~10 nm (Fig 2D, PEG-Nsp1 ). The thickness doubled when dNsp1FG was also on the cantilever ( Fig   2D, Nsp1-Nsp1) and was much higher than the hPEG6-C11-SH control of ~5 nm (Fig 2D, PEG- 
Probing the FG-Kap95 interaction by QCM-D
To enable reproducible analysis from a FG surface, a regeneration procedure that yields maximum removal of remaining analyte at the end of each binding cycle was established. Two macromolecules were used for this optimization. The first, GST-Kap95, dimerizes via GST, providing increased valency for interaction, making it more likely to remain on the FG surface. The second, BSA, has been extensively employed as a test protein to check for surface inertness [73, 74] . Removal of both GST-Kap95 and BSA was achieved using 50 mM HEPES-KOH pH 7.4, 8 M urea, with 0.5% Tween (HUT buffer). While urea can denature the analyte, it is compatible with natively disordered FG constructs, and thus, is an appropriate addition to the regeneration buffer. Indeed, HUT completely regenerated the FG Nup surface (S3 Fig) and thus, was used at the end of every binding experiment.
Once conditions for reversible binding were established, the Nsp1FG surface was tested with different analytes to assess its specificity. Kap95 without the GST domain was able to reversibly bind the surface. Consistent with studies by others [13] [14] [15] [16] [25] [26] [27] , the Nsp1FG surface was essentially inert to non-specific proteins such as BSA and GST, and highly selective for Kap95 ( Fig 3A) . Thus, the expected qualitative characteristics of the FG-Kap95 interaction were recapitulated by QCM-D. However, further binding analyses revealed that a more detailed interpretation of the data is required. 
Influence of mass transport limitation
One of our major concerns was the effect of mass transport limitation, a well-known physical phenomenon among chemical engineers but less frequently examined in the biological literature [35, 36, 75] . Mass transport limitation is observed when the bulk flow over the sensor is insufficiently high relative to the binding kinetics of the protein-protein interaction under investigation to exclude influences of the transport process on the quantitation of kinetic parameters. Bulk flow transports analytes in the feed solution (i.e. mass transport) and the analytes diffuse from the bulk into the volume immediately adjacent to the surface, where they are close enough to interact with the ligands. When the rate of mass transport by bulk flow is sufficiently high, the buildup of analytes on the surface is fast, due to efficient diffusion from the bulk. The rate of protein absorption/binding actually depends on the concentration of the analyte in this region immediately adjacent to the surface, where the analytes are close enough to the surface layer for the interaction to happen, rather than the concentration in the bulk feed solution [35, 36, 75] ; thus, when the bulk flow is too low, the concentration of the analyte in the region immediately adjacent to the surface is lower than that in the feed solution because the surface ligand 'depletes' the analyte locally, faster than the delivery by the bulk flow. Depletion by the ligand increases with higher ligand density as well as a higher on-rate of the protein-protein interaction. In the dissociation phase of a binding experiment, feed solution is usually a blank solution without any analyte. Under conditions where flow rates are slow and/or the ligand density is high, the escape rate of analytes from the surface can be slower than the 'rebinding' rate to the ligand, prolonging the apparent residence time of the analyte on the surface. Therefore, if mass transport limitation is significant but not taken into account, model fitting will yield erroneous kinetic parameter estimates.
There have been numerous studies utilizing surface-based systems to study protein-protein interactions involved in nuclear transport [13] [14] [15] [16] [25] [26] [27] , some of which indeed inferred the existence of mass transport limitations [13, 26, 27] . We initially became concerned about mass transport limitation when we observed that the fraction of GST-Kap95 that dissociates from the surface in our QCM-D system was dependent on the length of the association phase (S10 Fig), i.e. on the saturation level of the surface at the onset of the dissociation phase [35] . Hence, we studied in more detail the effect of flow rate on Kap95 binding alone, which indeed also proved flow-rate-dependent: larger amounts of binding were observed at higher flow rates, indicating mass transport per unit time was limiting at lower flow rates ( Fig 3B) , and suggesting that there was a lag in the mixing of analyte in the sensing volume.
We suspected that the large sensing volume (~40 μl) of the QCM-D was a major factor for mass transport limitation. Based on the physical dimension of the reaction chamber, the actual flow rate close to the surface (at 10 nm) is estimated to be 1/10 5 th of the bulk flow, which even at high flow rates remains in the laminar region according to the manufacturer specifications (e.g. average flow velocity of 1.03 mm/s with Reynold's number of 1.2 at the maximum flow of 500 μl/min). To accurately interpret binding/unbinding kinetics, the sensing volume must be replaced with the feed solution essentially instantaneously. Instead, a mixing lag exists before the concentration of the analyte in the chamber reaches that of the feed solution. Therefore, we measured the extent of mixing lag at various flow rates by replacing an aqueous buffer with one containing glycerol. The higher density of glycerol-containing buffer results in a change in ∆F, allowing us to monitor the liquid replacement in real time in the absence of analytes ( Fig 3C) . A concentration of glycerol of 3% was sufficient to induce a significant change in ∆F, yet minimizes the effect of higher density and viscosity. It took ~30 s to replace the entire sensing volume even at 500 µl/min, implying that only ~3% of the volume is replaced every second. Such a time scale is many orders of magnitude greater than that of most biochemical reactions, including the FG-TF interactions [17] [18] [19] 47] .
Mass transport limitation in SPR experiments
Analogous experiments were also conducted with SPR to test if its smaller sensing volume would allow measurement of the same FG-TF interaction without mass transport limitation. Although the same conjugation 20 protocol used for QCM-D could not be implemented due to the conjugation chemistry available for the SPR system (XPR36, BioRad), the conditions for the binding experiments were optimized to minimize non-specific binding to a bare surface passivated with beta-mercaptoethanol (S11 Fig). A segment of Nsp1FG that contains six repeats of the FxFG-type region (FSFG6) was used for SPR. The binding of analytes to FSFG6 was consistent with our QCM-D experiments with Nsp1FG and FSFG6 (see below), and also with previously reported SPR results [14] [15] [16] . We observed Kap95 to bind FSFG6 reversibly, whereas non-specific proteins did not exhibit any significant binding (Fig 4A) , suggesting that the SPR measurements were consistent with the QCM-D setup. To test for the existence of mass transport limitation, we first analyzed the SPR sensorgrams. In the absence of mass transport limitation, all the normalized dissociation curves from different analyte concentrations should converge to a single exponential decay. However, normalized Kap95 dissociation curves deviated from a single exponential decay, indicating the existence of more than simple binding events ( Fig 4B) . The characteristic signatures of mass transport limitation [35] were present, as evidenced by: (1) These observations suggest that mass transport limitation is also present in the SPR experiments. Our numerical simulations also suggest that mass transport limitations can be induced for even simpler interactions in this type of SPR chamber (S2 Text, S13 Fig, and S2 Table) .
We next assessed whether the SPR data can be interpreted by commonly used kinetic models and by a simple Langmuir isotherm. Fitting results to those models are summarized in S14 Fig and S2 Table. A simple pseudo-first order kinetic model did not fit well to the experimental binding curves, as indicated by the large 2 . Inclusion of the mass transport limitation term also did not improve fitting to a one-to-one model. Fitting was better for more complex models, specifically for the two-state model, where conformational change of the ligand-analyte complex is assumed, and for the heterogeneous ligand model, where two types of independent ligands are assumed. In contrast, the heterogeneous analyte model, where two types of independent analytes were assumed, did not fit well. The goodness of fit for each model tested here can be assessed visually in S14 Fig (see also S2   Table) . The data could be fitted equally well by the two-state model and the heterogeneous ligand model, suggesting that the interpretation of the data depends on an arbitrary choice of the model in the absence of independently obtained mechanical information. The trend in our fitting results is similar to that found in previous works, where more complex models, including a Hill model [13, [25] [26] [27] , yielded better fits to QCM-D binding curves than a simple Langmuir isotherm.
Existence of more than one binding mode
In addition to the curve fitting analysis, further experiments were conducted to assess the biochemical relevance of our binding data by utilizing a mutant variant of FG constructs where the phenylalanines in FSFG constructs were replaced with serines (i.e. SSSG motifs). Structural study indicate that FG Nups interact with karyopherins such as Kap95 by inserting the hydrophobic sidechain of their phenylalanine residues into the hydrophobic pockets of karyopherins, underscoring the requirement of the phenyl group in this interaction [43] .
This Phe > Ser mutation was demonstrated to abolish interactions with TFs [19, 46] . Thus, a six-repeats construct, SSSG6, was tested to determine if this total loss of interaction is observed in QCM-D and SPR experiments.
According to the QCM-D measurements, FSFG6 and SSSG6 layers behaved similarly, as they formed rigid layers due to their short length (S15 Fig) , unlike the viscoelastic Nsp1FG layer ( Figs 1C and S4 ). As expected,
Kap95 bound strongly to FSFG6, though to a lesser extent than to Nsp1FG due to the reduced number of FG motifs ( Fig 5A) . More interestingly, Kap95 also interacted significantly with the surface-bound SSSG6 construct, albeit to a lesser extent than the Phe counterpart, but greater in comparison to the binding pattern of non-specific analytes to Nsp1FG (Fig 4A) . Similar observations were made in the SPR experiments: Kap95 binds to the SSSG6 construct to a significant extent ( Fig 5B) , suggesting that Kap95 can be retained on SSSG6 surface despite the lack of FG motifs to mediate any specific binding. However, NMR data show that linker residues of FG repeat regions do not participate in the interactions with TFs [17, 18] , and Phe > Ser mutations in Nsp1FG abolish interaction with TFs in vivo [76] , such that the SSSG6 construct should not bind TFs. Since Kap95 did not bind to a bare SPR sensor under our experimental conditions (S11 Fig), we conclude that the Kap95 interactions are a result of unexpected binding to the SSSG6-conjugated surface, further complicating the measurements in conjunction with the influence of mass transport limitation. While there have been attempts to model the generative process of the surface binding data, we and others found that the underlying dynamics of the "fuzzy" FG-TF interactions to be quite complex [17] [18] [19] . Since it is quite difficult to validate the assumptions we would have to make to model the surface binding data, we opted out from making such inferences in this work.
Complexities of FG-TF binding reactions on a surface
Mass transport limitation is a significant but often overlooked issue in the field of SPR and QCM-D [35] .
Although we observed that our surface-bound FG layers were selective for Kap95, the binding reaction appeared to be affected by mass transport limitation with both QCM-D and SPR. The likely contributing causes to this mass transport limitation include: (i) the physical scale of the flow systems, introducing a mixing lag, (ii) fast kinetics of FG-TF interactions, and (iii) the high multivalency of TFs and FG Nups that facilitates rebinding. The charge properties of the interactors may also affect their bulk mass transport behavior. The dimension of the QCM-D sensor is relatively large (millimeter ~ centimeter range), so that it takes ~30 s to replace the entire sensing volume of the chamber (Fig 3C) , which resulted in the flow-rate-dependent binding of Kap95 ( Fig 3B) . In an attempt to alleviate the effect of mass transport limitation, we used SPR to study FG-TF interaction; its sensing volume is four orders of magnitude smaller than that of QCM-D chamber. However, our SPR experiments still appeared to suffer from a significant mass transport limitation (Fig 4) . In addition, the significant interaction of SSSG6 with Kap95 suggests the existence of an FG-independent binding mode, further complicating the analysis of the data (Fig 5) .
Although our results do not necessarily invalidate SPR and QCM-D for studying the physical properties of such surface layers, they indicate that data garnered using these methods must be interpreted with extreme care when studying a complex interaction, like the one here with rapidly interacting proteins, when the surface density of ligand binding sites are high, thick and viscous. This is especially relevant in studying IDPs. Indeed, FG-TF interaction dynamics at the molecular level were shown to be even faster than the ~milliseconds time scale of NMR experiments [19] , with association rate constant estimated to be ~1.5•10 9 M -1 •s -1 [18] . Thus, the length scale and time-scale of the SPR and QCM-D are too large to resolve any of the underlying molecular events considered here. Furthermore, the models tested with data from SPR largely underestimates the fastest component; the fastest rate estimated from the kinetic model fits was ~3.0•10 6 M -1 •s -1 (S2 Table) , a rate that is orders of magnitude slower than the molecular rate. We considered equilibrium analysis because of its time-independence. However, it proved difficult to establish if binding even reached an equilibrium with QCM-D, as the deposition of analytes continued to bind on a time-scale of minutes (S10 Fig). Moreover, our data suggests the existence of multiple types of binding events, and thus, any estimation of dissociation constant(s) would be heavily model-dependent, underscoring the limitation of extracting mechanistic information of a complex binding reaction solely from SPR and QCM-D sensorgrams. Thus, we did not attempt to draw any quantitative conclusions from these data regarding the mechanism of nuclear transport. In addition, previously reported high affinities for FG-TF interactions from surface-based methods [8] [9] [10] [11] [12] [13] [14] [15] [16] 20 ] require re-evaluation in this light. The reported KDs in those studies reflect the 'residence time' of TFs in FG layers (see below) rather than the thermodynamics of the binding mechanism at the molecular level. We recently emphasized the distinction between the global residence time of a protein in a loose protein-protein interaction (i.e. how long the two molecules stay associated with each other) and the half-life of an individual per-site interaction (i.e. how long an individual bond involved in the interaction persists) [17] [18] [19] .
Phenomenological KDs and microscopic mechanisms
Following the discussion above, we argue that it is not possible to accurately obtain microscopic KD (s) for a complex binding reaction(s) simply based on a sensorgram without knowing the exact mechanism of binding on the surface-bound layer. The use of simple Langmuir isotherms to describe such complex reactions only yields 'phenomenological (or apparent) KDs', which may be useful for estimating the partitioning of analytes between bulk flow and surface layer but do not provide precise thermodynamic information about the binding mechanism.
Indeed, in the nuclear transport field, Richter and others have noted that their FG-TF binding data from QCM-D are "consistent with the presence of a spectrum of binding sites that cover a range of affinities," suggesting the phenomenological nature of KDs derived from such analytical models [13, 27] . For a complex protein-protein interaction, it is generally very difficult to accurately determine (i) the number of different binding mechanisms, (ii) the dependencies of such mechanisms on each other, (iii) the relative contributions to the overall binding curve from each mechanism, and (iv) their individual kinetic and thermodynamic parameters. A simple Langmuir isotherm, or even the simplest form of Hill equations that is commonly used, would not properly represent such complex interactions [77] . Our experiments indicate that there are at least three kinds of physical events that contribute to the sensorgrams: FG-dependent binding, FG-independent binding, and mass transport limitation. In a case like this, where mass transport limitation is further complicated by multivalency, it is also difficult to estimate the extent of rebinding events within the surface layer because it is not manifest in the sensorgram. For instance, it is not possible to distinguish species with a long half-life of complexation from those that are simply retained on the surface by way of frequent rebinding. If the model does not properly account for the intricacies of multivalency in the presence of mass transport limitation, it would appear as if the binding is of high affinity with slow dissociation rates, leading to a misinterpretation of the data. Thus, phenomenological KDs can be useful in describing macroscopic behaviors, but inferring their underlying mechanisms and their corresponding kinetic and thermodynamic parameters requires a set of assumptions; hence, soundness of such models fundamentally depends on the validity of the assumptions they make, regardless of their mathematical sophistication [78] . This is particularly relevant for analyzing IDPs, such as FG Nups. IDPs are known to have a broad spectrum of behaviors compared to folded proteins. The conformational space they can explore is immense and the mechanisms of interactions with their binding partners are diverse and complex, many of which are very difficult to track. For example, some IDPs bind to their partners by induced folding, while others maintain their intrinsic disorder in "fuzzy" interactions, like FG Nups [47, 79] . The mechanisms of these interactions are quite complex and the interaction mixture consists of ensembles of different configurational states, as suggested in our recent study [19] . Therefore, lacking the capability to finely resolve the mechanistic aspects of protein-protein interactions (e.g. distinct energy levels, defined interaction surfaces), the use of discrete analytical models on SPR and QCM-D data is probably not suitable for studying the mechanisms of IDP interactions. One exception are cases where QCM-D and AFM are used to study the morphological and viscoelastic features of a bulk IDP layer.
Macroscopic instruments versus nanoscopic biological systems
The major cause of mass transport limitation in this study appeared to be the length-and time-scale of the experimental setup. Dimensions of QCM-D and SPR sensing volumes are orders of magnitude larger than the biological machineries they are exploring, with typical scales of tens of nanometers. For example, the FG-Nup filled central tube of the NPC spans ~50 nm, and thus is at least four orders of magnitude smaller than the above instruments. Under such nanoscopic environments, mass transport limitation would still exist, but its effect would scale similarly to those of molecular interactions and diffusion. However, under macroscopic systems such as SPR and QCM-D, mass transport limitation magnifies with the physical dimensions of the system (e.g. total number of binding sites increases with scale). The number of analyte binding/unbinding cycles it takes to randomly escape from the FG milieu is small at the nanometer scale. In contrast, the FG surface layers on SPR and QCM span microns to millimeters, so the number of on-off cycles to escape can be quite large (with a commensurate substantially longer residence time). Thus, the macroscopic dimensions of the instruments could well overshadow the molecular interactions and diffusion effects that are biologically relevant at nanoscopic scales. Solution studies in vitro, such as ITC, stopped-flow kinetics, NMR, and appropriately-scaled NPC mimics such as nanoscopic pores [48, [80] [81] [82] and DNA origami pores [83, 84] offer the possibility of studying FG-TF interactions at a scale more commensurate with that of nuclear transport in vivo.
